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This work focuses on the use of a co-product of biodiesel production as carbon and energy source
for the production of rhamnolipids by a new strain of Pseudomonas aeruginosa MSIC02. Different car-
bon sources were compared and the highest rhamnolipid concentration (1269.79mg/L) was achieved
when hydrolyzed glycerin was used. The study of nutritional and environmental conditions allowed
an increase in the production of rhamnolipids. Maximum rhamnolipid concentration was attained at
◦
iosurfactan
lycerin
seudomonas aeruginosa
hamnolipid
18g/L of glycerol, 4.0 g/L of NaNO3, 62mM of KH2PO4, pH 7.0 and 37 C. Highest product yields on sub-
strate and biomass and productivity were achieved at the same conditions. The biosurfactant showed
good emulsifying properties (IE24 = 65%), being able to form emulsions with mineral and vegetable oils.
The NMR spectrum of H1 and C13 and mass spectra indicates that the puriﬁed product contained two
types of rhamnolipids: l-rhamnosyl--hydroxydecanoyl--hydroxydecanoate (RL1) and l-rhamnosyl
l-rhamnosyl--hydroxydecanoyl--hydroxydecanoate (RL2).. Introduction
The crescent interest worldwide in the use of fuels from renew-
ble sources, for instance, sugarcane, lignocellulosic residues,
leaginous andanimal fat, amongothers, has increased thedemand
or biofuels, such as ethanol and biodiesel. The use of those biofu-
ls can reduce emissions of carbon monoxide, compared with fuels
erived from oil [1].
Biodiesel is produced, primarily, by the transesteriﬁcation of
riglycerides with methanol or ethanol. After separation, two
hases are obtained: an oil phase, consisting of alkyl esters (methyl
r ethyl esters), and a phase rich in glycerin, consisting of glycerol,
oap, alcohol and hydroxides. Glycerin is the main co-product from
iodiesel production by transesteriﬁcation and it is obtained in the
aw form, which has a low commercial value due to the presence
f several impurities [2]. However, this co-product may be used
s a source of raw material for the production of high added value
hrough chemical or biochemical conversion, such as polymers and
dditives for fuels, esters and ethers of glycerin [3]. Furthermore,
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theNational Center for Agricultural Utilization Research has shown
great interest in the use of glycerol as a substrate for the produc-
tion of 3-hydroxypropionaldehyde (3-HPA), 3-hydroxypropionic
acid, 1,3-propanediol, rhamnolipids (biosurfactants), among other
products [4].
Surfactants are an important class of chemicals used in several
sectors of industry. These compounds are currently available in
the market but most of them are derived from petroleum, which
gives themanon biodegradable character.Meanwhile, the growing
increase in world production of these derivatives and the neces-
sity of obtaining products compatible with the environment have
given emphasis to the production of biological surfactants as an
alternative to the existing products [5].
Biosurfactants constitute a class of surfactants that are pro-
duced from living organisms and canbe found insidemicrobial cells
or may be excreted extracellularly. Although presenting several
advantages over the chemical surfactants, microbial surfactants
are not yet widely used due to high production costs, associ-
ated with inefﬁcient methods of recovery of the product and the
Open access under the Elsevier OA license.use of expensive substrates. The problem of economic produc-
tion of biosurfactants can be signiﬁcantly reduced through the
use of alternative sources of nutrients, readily available, low cost
and enabling high concentrations of biosurfactant [6]. In addi-
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ion, the optimization of culture conditions allows the increase in
roduction levels. Data presented in the literature show that the
roduction of rhamnolipids by bacteria of the genus Pseudomonas
s strongly inﬂuenced by carbon and nitrogen sources, concentra-
ion of phosphorus, multivalent cations, carbon/nitrogen (C/N) and
arbon/phosphorus (C/P) ratios [7–9]. The carbon sources used are
ery diverse, from simple sources, such as glucose [10] and glyc-
rol [11], to more complex substrates, as lipids [12], alkanes [13]
nd esters of fatty acids [4], showing that Pseudomonas strains have
versatile metabolism.
Rhamnolipids produced by Pseudomonas strains are glycolipids
ormed by one or twomolecules of rhamnose and a fatty acid chain.
hey are themost important classes of biosurfactants [14] and have
pplications in various industries and in bioremediation [15].
Therefore, the aim of this work was to analyze biosurfactant
roduction by Pseudomonas aeruginosa MSIC02, and other related
arameters, in a low cost medium, formulated using glycerin, a
o-product of biodiesel production by transesteriﬁcation.
. Methods
.1. Microorganism
P. aeruginosa strain MSIC02 was isolated from a crude oil contaminated soil. Its
RNA 16S sequence is deposited in the Genbank with the following access number:
J876297. The strain was maintained on nutrient agar (beef extract 3 g/L, peptone
g/L and agar 15g/L) slants at 4 ◦C and transferred monthly.
.2. Raw material
Glycerin used in this work is the co-product of biodiesel production, result-
ng from the transesteriﬁcation of castor bean oil by methanol in alkaline medium
NaOH) and was provided by Empresa Brasileira de Bioenergia Ind. Com Ltd. (EBB,
eará, Brazil).
Crude glycerin was obtained after methanol removing by evaporation. Since
eating at alkaline pH would lead to polymerization, due to the presence of NaOH
sed as catalyst in transesteriﬁcation reaction (free alkalinity), the sample was pre-
iously neutralized (pH 7.0)with analytical gradeH2SO4. After neutralization, it was
ept under heating at 110 ◦C for 1h under agitation to the evaporation of methanol.
Hydrolyzed glycerin was prepared by acid hydrolysis of crude glycerin, con-
ucted at room temperaturewith concentratedH2SO4. The volumeofH2SO4 needed
as determined by the total alkalinity of glycerin (Eq. (1)). Then, water was added
o the system in the ratio of 1:3 with respect to the mass of glycerin. The hydrolysis
as conducted in a separation funnel for 24h to allow phase settling to occur (glyc-
rin and fatty acid). The resulting hydrolyzed glycerin was used as carbon source in
atch experiments.
H2SO4 =
AT × m
N
(1)
here VH2SO4 is the volume of H2SO4 (L), AT is the total alkalinity, m is the mass of
lycerin (mg) and N is the normality of H2SO4.
.3. Characterization of raw material
Samples of crude and treated glycerin, by acid hydrolysis, were characterized
or the presence of macro and micro elements. The micro elements were evaluated
y atomic absorption in a Perkin Elmer Analyst 300 equipment [16]. Sulphur and
hosphoruswere analyzed by spectrophotometry using anUV-visible spectrometer
t 600nm [16]. All assays were conducted in triplicate. The total content of carbon
as determined by high-temperature catalytic oxidation (HTCO) using a Shimadzu
nalyzer (TOC-V CPH/CPN).
.4. Inoculum propagation
The strain of P. aeruginosa MSIC02 was transferred from a stock culture to a
etri plate containing the same medium and incubated at 35.5 ◦C for 24h. After
his period, three loops of culture were transferred to 50mL of nutrient broth (beef
xtract, 3 g/L, peptone 5g/L) in a 250mL Erlenmeyer ﬂask. This was kept under
gitation of 150 rpm at 30 ◦C for 18h in a rotary shaker [17]. Then the optical density
t 600nm was determined by a spectrophotometer (Spectronic® 20 GENESYS) and
djusted, if necessary, to 1.25..5. Fermentation media
Biosurfactant production was conducted using a mineral medium composed of
in g/L): KH2PO4 3.0, K2HPO4 7.0, MgSO4·7H2O 0.2, supplemented with differentistry 46 (2011) 1831–1839
carbon (crude glycerin, hydrolyzed glycerin, soybean oil or castor oil) at 5% (w/v)
and nitrogen (NaNO3, (NH4)2SO4 or peptone) sources at 2.4 g/L.
2.6. Culture conditions
Batch fermentations were conducted in 250mL Erlenmeyer ﬂasks containing
50mL ofmedium. The culture ﬂaskswere incubated in rotary shaker at 150 rpm and
30 ◦C for 96h. After this period, cells were separated by centrifugation at 10,000× g
for 15min and the supernatant was used for analytical determinations. The experi-
ments were performed in duplicate.
2.7. Optimization of media and cultivation conditions
The study of nutritional and environmental conditions on the production of bio-
surfactant was conducted in accordance with a 2k full factorial design. The effects
of phosphate and nitrogen concentrations, pH and temperature were evaluated
through a 24 full factorial design with a triplicate in central point. In these experi-
ments, the initial concentration of glycerol and inoculum were 18g/L and 2% (v/v),
respectively. The concentration of glycerol was kept constant in order to eliminate
the effect of osmotic stress that it exerts on microorganisms in submerged fermen-
tation process [1,8]. The levels were established in accordance with the literature
[11,18]. Cell growth, biosurfactant concentrationandsurface tension reductionwere
the response variables. The pH of the medium was adjusted with a solution of KOH
3.0M. Data analysis was performed by using Statistica 6.0 software.
2.8. Biosurfactant isolation and puriﬁcation
Biosurfactants were extracted from the culture media after cell removal by cen-
trifugation at 10000× g for 15min. The pH of the medium was adjusted to 2.0
with H2SO4 6N. Then, the recovery of the crude biosurfactant was performed by
a liquid–liquid extraction, using a mixture of CHCl3 and CH3OH (2:1 v/v), according
to Patel andDesai [19], then itwas collected for further puriﬁcation by column chro-
matography, according to Syldatk et al. [8], using silica gel 60 (70–230mesh, VETEC).
The puriﬁed biosurfactant was analyzed by thin layer chromatography (TLC), which
was performed on precoated silica gel polyester sheets (Kieselgel 60 F254, 0.20mm,
Merck) and developed by spraying a solution of vanillin/perchloric acid/EtOH fol-
lowed by heating at 100 ◦C.
2.9. Analytical methods
2.9.1. Cell concentration
Cell growth was determined by measuring the optical density of samples, using
a UV-visible spectrophotometer (20 Genesis, BR) at 600nm. Cell concentration, in
g/L, was determined by calibration curve of dry weight (g/L) versus optical density
(600nm).
2.9.2. Rhamnose concentration
Rhamnose concentration was determined by the orcinol–sulphuric method,
described by Pham et al. [20]. The orcinol solution, 0.19% (w/v), was prepared by
dissolving the reagent in a solution of sulphuric acid at 53% (v/v). Afterwards, a
0.1mL-sample was added to 0.9mL of this solution, followed by heating at 80 ◦C
for 30min. After 15min of rest at room temperature, absorbance was determined at
421nm using a spectrophotometer (Spectronic® 20 Genesys). Calibration curve was
obtained by using standard solutions of rhamnose, whose concentrations ranged
between 5 and 50mg/L.
2.9.3. Glycerol concentration
Glycerol concentration was determined by High Efﬁciency Liquid Chro-
matography (HPLC) using a Waters high-performance-liquid chromatography
equipped with a refractive index detector and a Shodex Sugar SC1011 column
(8.0mm×300mm). Ultra pure water (MiliQ) was used as mobile phase under the
following conditions: ﬂow rate of 0.6mL/min at 80 ◦C and the volume of injection
was 5L [17].
2.9.4. Raw material total alkalinity
Total alkalinitywas determined by the following procedure. A sample of the raw
material (Glycerin), around 2.0 g, was titrated with HCl 0.1N using bromophenol
blue as indicator. The total alkalinity was determined according to Eq. (2).
AT = (V2 − Vb) × N
m
(2)
where AT is the total alkalinity; m is the mass (g) of raw material; N is the normality
of HCl; V2 is the volume of HCl spent during the titration; Vb is the volume of HCl
spent in blank
2.9.5. Emulsiﬁcation index (E24)
Emulsiﬁcation index was determined according to Cooper and Goldenberg [21],
with slight modiﬁcations: 2mL of cell free supernatant was added to 2mL of
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Table 1
Physicochemical composition of crude and hydrolyzed glycerin, resulting from the
transesteriﬁcation of castor bean oil, utilized as substrate to biosurfactant produc-
tion by P. aeruginosa MSIC02.
Elements Crude glycerin Hydrolyzed glycerin
Iron (ppm) 5.539±0.127 5.163±0.15
Zinc (ppm) 12.308±0.60 23.628±0.55
Copper (ppm) ND ND
Manganese (ppm) ND ND
Calcium (ppm) 6.148±0.39 5.286±0.48
Magnesium (ppm) 4.511±0.067 5.894±0.36
Sulphur (ppm) ND 569.3±25.5
Phosphoros (ppm) 12.7±1.2 ND
T
EJ.R. Sousa et al. / Process Bio
erosene and the mixture was vortexed for 2min. After 24h, the height of emulsion
ayer was measured. The emulsifying activity (E24) was calculated using Eq. (3):
24 (%) = HELHS × 100 (3)
here HEL is the height of the emulsion layer and HS is the height of total solution.
.9.6. Surface tension
Surface tension, an indirect measure of the production of biosurfactants, was
etermined in the fermentation broth free of cells using a tensiometer (Krüss K6) at
5 ◦C, according to the De Nöuy ring method [22].
.9.7. Emulsiﬁcation activity
Emulsiﬁcation activity was determined in accordance with the methodology
escribed by Cirigliano and Carman [23], with slight modiﬁcations [24]: samples
ere ﬁltered through a Millipore 0.45m membrane and the ﬁltrate (1mL) was
laced in glass tubes (15mm by 125mm) and diluted with 1mL of sodium acetate
.1M buffer (pH 3.6). Then, 0.5mL of kerosene was added to the tube, which was
ortexed. The resulting emulsion remained at rest for 10min, and then the aqueous
hase absorbance was measured in spectrophotometer (Spectronic® 20 Genesys) at
40nm. A unit of emulsifying activity was deﬁned as the amount of biosurfactant
hat changed the extinction of the aqueous phase 540nm (A540) by 1.0 under the
onditions described above.
.9.8. NMR and mass spectrometry analysis
Electrospray ionization-high resolution mass spectra were run on a quadrupole
CMS-IT-TOF (Shimadzu) spectrometer equipped with electrospray ionization
ource. 1H (500MHz), 13C (125MHz) and 2D NMR experiments were performed
n a Bruker Avance DRX-500 spectrometer equipped with a 5mm inverse detection
-gradient probe. 1H and 13C NMR spectra were measured at 27 ◦C using CD3OD and
DCl3 as solvent.
. Results and discussion
.1. Characterization of raw material
Glycerin, the main co-product of the biodiesel industry [2], has
very heterogeneous composition, being constituted of compo-
ents from the original grease, as esters, triglycerides, fatty acids
nd soaps, and alcohol (ethanol or methanol) and hydroxides. The
ype of oleaginous, the transesteriﬁcation process and the efﬁ-
iency of the separation stage inﬂuence both composition and
he proportion of glycerin components [25]. Therefore, in order to
ssess the presence of micro and macro nutrients in raw material
sed as a substrate, the physicochemical composition of crude and
ydrolyzed glycerinwas determined and the parameters evaluated
re shown in Table 1.
The composition of crude and hydrolyzed glycerin differed in a
ew elements. The levels of iron, calcium andmagnesium remained
imilar after acid hydrolysis. The sulphur content in hydrolyzed
lycerin increased due to the large formation of sodium sulphate,
s a result from the reaction between fatty acid salts (soap) and
2SO4. The concentrations of copper and manganese were below
he detection limit of the equipment for all samples evaluated.
he content of phosphorus was reduced from 12.7±1.2ppm to
elowthedetection limit after acid treatment. The total carboncon-
ent was higher for crude glycerin when compared to hydrolyzed
lycerin, probably, due to the presence of more complex carbon
ources, such as methyl esters, fatty acids and esters of glycerol
1]. The characterization of the raw material provided important
ata that helped in the formulation of the fermentation medium.
able 2
ffect of carbon source and nitrogen source on rhamnolipid concentration, surface activit
Raw material Nitrogen source Final surface tension (mN/m)
Soybean oil NaNO3 30.1 ± 0.1
Castor oil NaNO3 32.0 ± 0.0
Crude glycerin NaNO3 30.0 ± 0.0
Hydrolyzed glycerin NaNO3 29.3 ± 0.1
Hydrolyzed glycerin (NH4)2SO4 29.1 ± 0.1
Hydrolyzed glycerin Peptone 30.1 ± 0.2Carbon total (mg/L) 306,800.0 288,350.0
ND: not detected by the analytical method used.
From the results pictured in Table 1, it can be observed that the
crude and hydrolyzed glycerin contain important nutrients for cell
growth and production of glycolipids, such as iron, zinc, calcium,
magnesium and sulphur [8,13]. According to data from the liter-
ature [11,26], the amount of these micronutrients varies with the
strain, however, the concentration follows, generally, an order of
magnitude of ppm. It should be pointed out that media supple-
mentation with phosphorus may be necessary, since the presence
of this nutrient was not detected (Table 1) in crude nor hydrolyzed
glycerin.
3.2. Effect of nutritional and environmental conditions on
biosurfactant production by P. aeruginosa MSIC02
3.2.1. Effect of the carbon source
The use low cost carbon sources, such as vegetable oils and
glycerol, are an interesting alternative to produce rhamnolipids
by fermentation [11]. Therefore, the production of biosurfactants
by P. aeruginosa MSIC02 using different carbon sources (crude and
hydrolyzed glycerin, soybean oil and castor oil) was evaluated and
the results of rhamnolipid concentration, surface activity and cell
growth after 96h of cultivation at 30 ◦C and 150 rpm are presented
in Table 2. The crude and hydrolyzed glycerin differ on the content
of glycerol, 60% and 95%, respectively (data not shown) and pres-
ence or absence of methyl esters, fatty acids and esters of glycerol
[1]. It can be observed in Table 2 that the strain was able to use all
carbon sources evaluated to grow and produce biosurfactants. The
amount of rhaminolipid produced varied from almost 355mg/L to
more than 1200mg/L, depending on the carbon source used. This
result, when compared to other authors’ [11,12,27,28], shows the
potential of the P. aeruginosa MSIC02 in producing rhamnolipids.
The most suitable substrate was hydrolyzed glycerin, allowing
the production of 1269.79mg/L of rhamnolipids, which is two to
three times greater than those obtained for other sources. When
crude glycerin, soybean oil and castor oil were supplied 354.63,
611.25 and 559.17mg/L of rhamnolipids were produced, respec-
tively. Our results are in agreement with the obtained by other
authors: 690mg/L [11], 620mg/L [28], 1400–1500mg/L [27].
The lower production of rhamnolipidis when using the crude
glycerin as a substrate may be associated with the inhibitory effect
of high salt concentrations derived from the transesteriﬁcation
y, cell growth and yield after 96h of cultivation at 30 ◦C and 150 rpm.
IE24 (%) Rhamnose (mg/L) Biomass (g/L) Ypx (g/g)
62.2 ± 1.8 611.25 ± 19.2 0.531 ± 0.01 1.150
63.7 ± 0.9 559.17 ± 29.5 0.678 ± 0.06 0.824
68.8 ± 0.0 354.63 ± 12.9 0.623 ± 0.0 0.568
63.0 ± 1.4 1269.79 ± 15.2 0.836 ± 0.02 1.519
59.01 ± 1.2 898.26 ± 29.0 1.164 ± 0.04 0.771
59.36 ± 0.5 503.13 ± 11.3 0.574 ± 0.0 0.876
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rocess and pretreatment. According to the literature [29], the
mpurities in the raw material may affect microbial growth and
roduction of metabolites. The same authors describe that crude
lycerin, derived from biodiesel production, contains impurities,
uch as potassium and sodium salts [4–5% (wt/wt)]. This high
alt concentration is not present in the hydrolyzed glycerin used
n this work, since precipitation is observed during the stage of
cid hydrolysis of the crude glycerin. Those facts may explain the
btained results.
In addition, different low cost substrates were investigated for
iosurfactant production and the results are described in the lit-
rature [27,30,31]. Costa et al. [30] studied the use of alternative
ow-cost carbon substrates, such as glycerol, cassava wastewater
CW), waste cooking oil and CW with waste cooking oils, for the
roduction of polyhydroxyalkanoates (PHAs) and rhamnolipids by
ifferent strains of P. aeruginosa. According to the authors, best
hamnolipid production (600mg/L) was obtained with CW with
ooking oil as the carbon source, which is much lower than the
esult achieved in this work when hydrolyzed glycerin was used
s substrate (1269.79mg/L). The same authors evaluated the use
f glycerol as carbon source and rhamnolipid concentration varied
etween 175.3 and 264.2mg/L. The production of rhamnolipids by
. aeruginosa LBI strain fromoil wastes, as alternative low-cost sub-
trates, was also evaluated [31]. The authors observed that soybean
oapstock waste was the best substrate, generating 1170mg/L of
hamnolipids, which is also lower than the concentration achieved
n the present work. Additionally, the strain P. aeruginosa J4, iso-
ated from the wastewater of a petrochemical plant, was able to
roduce up to 2000mg/L rhamnolipids using sunﬂower oil as sub-
trate [27]. Diesel and kerosene were also evaluated as a substrate,
nd the strainwas able to produce1300mg/L and710mg/L, respec-
ively.
As a result of the experiments, it was observed that the glyc-
rol, the predominant carbon source that is present in hydrolyzed
lycerin, showedhigher potential for rhamnolipidproduction com-
ared to other sources investigated, whose compositions have
ore complex carbon sources, such as triglycerides, fatty acids and
sters of fatty acids. This result was similar to that achieved by
arsudi et al. [32] who assessed the simultaneous production of
hamnolipids and polyhydroxyalkanoates (PHA) by P. aeruginosa
FO3924 using palm oil as the sole carbon source. They observed
hat the strain secreted lipase, which hydrolyzed the oil into fatty
cids and glycerol. Fatty acids became favorable carbon sources for
ell growth and PHA production via -oxidation and glycerol for
hamnolipid production via de novo fatty acid synthesis.
Although biosurfactant production was affected by the carbon
ource, emulsiﬁcation index (above 60%) was similar for all assays,
xcept the one achieved with crude glycerin that was a little higher
68%). All rhamnolipids displayed a good emulsiﬁcation activity
or kerosene, which clearly demonstrates its potential in a variety
f commercial applications, such as bioremediation [27]. Further-
ore, the surface tension of the cell-free fermented broth was
educed to 29–30mN/m, except for the medium formulated with
astor oil (32mN/m). According to the literature [12], the reduc-
ion of surface tension to those levels indicates the production of
urface active compounds such as rhamnolipids.
Since the highest rhamnolipid production (1269.79mg/L) with
he best tensoative characteristics (decrease in surface tension to
9.3mN/m and 63.0% of emulsiﬁcation activity) was achieved with
ydrolyzed glycerin, this carbon source was selected for further
tudies..2.2. Effect of the nitrogen source
Medium constituents other than carbon sources also affect the
roduction of biosurfactants. Among the inorganic salts evaluated
n the literature, such as (NH4)2SO4, NH4NO3 and NaNO3 [7,11,33]istry 46 (2011) 1831–1839
nitrate supportedmaximumsurfactant production by P. aeruginosa
44T [34]. Nevertheless, since the strain used in this work was not
studied before for biosurfactant production, three nitrogen sources
were evaluate. Table 2 shows that sodium nitrate (YP/X = 1.5 g/g)
is more effective than peptone (YP/X = 0.9 g/g) and ammonium sul-
phate (YP/X = 0.8 g/g). Table 2 also shows the results of cell growth,
rhamnolipid concentration, emulsiﬁcation index and surface ten-
sion for the different nitrogen sources evaluated. Although low
surface tension of the culture broth was achieved for all nitro-
gen sources investigated, best biosurfactant production was noted
in the medium containing nitrate as the nitrogen source. In this
medium, rhamnolipid concentration at the end of essay was 1.4
and 2.5-fold higher when compared to the results achieved in
the medium containing peptone and ammonium, respectively. Cell
growth, on the other hand, was 1.4 and 2.0-fold higher when
ammoniumwasused in themedium insteadof nitrate andpeptone,
respectively.
The preference of nitrate as a nitrogen source for the produc-
tion of rhamnolipids by bacterias of the genus Pseudomonas is
quite studied in the literature [13,26,33]. Santa Anna et al. [11]
attributed this preference to the ability of some microorganisms
to undergo dissimilatory nitrate reduction to ammonium and then
assimilation, which would simulate a condition of limiting nitro-
gen, encouraging rhamnolipids production.
Based on these results, NaNO3 was used as a nitrogen source to
study the effect of nutritional and environmental conditions on the
production of rhamnolipids by P. aeruginosa MSIC02 according to a
24 full factorial design.
3.3. Effect of nutritional and environmental conditions on cell
growth, rhamnolipid production and efﬁciency
Among the factors that, potentially, have inﬂuence on the
biosynthesis of rhamnolipids by bacterias of the genus Pseu-
domonas are the carbon source, the effect of limiting nutrients,
the C/N and C/P ratios [6,11]. The effect of limiting nutrients for
the production of biosurfactants has been studied because of their
importance on the microbial lipogenesis [6]. Generally, the accu-
mulation of intracellular lipids is favored when there is some
limitation of nutrients in the culturemedium. Boulton andRatledge
[35] found that the limitation of nutrients (nitrogen) can stimulate
theaccumulationof lipids.During thebiosynthesisof rhamnolipids,
the formation of lipid, not sugar, is the limiting step [35]. The cul-
ture conditions and the availability of nutrients in the medium also
inﬂuence the type and quantity of surfactant produced [8,12].
In this context, four factors that could inﬂuence biosurfac-
tant production were considered: concentration of phosphate and
NaNO3, pH and temperature. Therefore, a 24 full factorial design
was used to study the effect of nutritional and environmental con-
ditions on the quantity of rhamnolipid produced, measured by the
concentration of rhamnose. The experimental design and results
are presented in Table 3.
A direct analysis of the results pictured at Table 3 shows that
two conditions (runs 11 and 12) did not favor P. aeruginosa MSIC02
growth at 37 ◦C. Furthermore, at 30 ◦C, there was only a discrete
cell growth (experiments 3 and 4) using the same fermentation
media of runs 11 and 12. The temperature of 30 ◦C favored cell
growth when compared to the tests conducted at 37 ◦C. There was
an increase in the pH of the culture broth after 96h in most of all
experiments, except for thosewhere growthwas discrete or absent
(experiments 3, 4, 11 and 12) and the central points, in which a
small reduction in pH was observed (data not shown).Fig. 1 shows the product yields on substrate (YP/S) and biomass
(YP/X) as well as productivity (Qp) and glycerol conversion after
96h of cultivation of P. aeruginosa MSIC02 at 150 rpm according
to a full 24 factorial design. The consumption of glycerol was pro-
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Table 3
Rhamnolipid production (rhamnose concentration), cell growth, surface tension and glycerol consumption after 96h of cultivation of P. aeruginosa MSIC02 at 150 rpm
according to a 24 full factorial design. Where x1: concentration of NaNO3 (g/L); x2: concentration of KH2PO4 (M); x3: pH; x4: temperature (◦C).
Run x1 x2 x3 x4 Biomass (g/L) Rhamnose (mg/L) Initial surface
tension (mN/m)
Final surface
tension (mN/m)
Reduction of
surface tension (%)
1 2.4 0.062 4.6 30.0 0.710 718.56 39.80 30.07 24.46
2 4.0 0.062 4.6 30.0 0.699 573.85 41.77 30.83 26.18
3 2.4 0.200 4.6 30.0 0.118 ND 41.00 46.00 0
4 4.0 0.200 4.6 30.0 0.132 ND 39.00 47.43 0
5 2.4 0.062 7.0 30.0 0.768 1138.22 44.00 33.00 25.00
6 4.0 0.062 7.0 30.0 0.762 1037.92 44.00 33.17 24.62
7 2.4 0.200 7.0 30.0 0.688 664.67 44.00 31.17 29.17
8 4.0 0.200 7.0 30.0 0.772 1009.98 44.00 31.07 29.39
9 2.4 0.062 4.6 37.0 0.417 128.24 44.93 34.97 22.18
10 4.0 0.062 4.6 37.0 0.483 589.82 44.00 36.87 16.21
11 2.4 0.200 4.6 37.0 0.001 ND 38.17 38.33 0
12 4.0 0.200 4.6 37.0 0.000 ND 38.00 37.63 0
13 2.4 0.062 7.0 37.0 0.676 1694.61 44.20 33.90 23.30
14 4.0 0.062 7.0 37.0 0.610 1908.18 44.00 34.00 22.73
15 2.4 0.200 7.0 37.0 0.638 698.60 41.93 31.67 24.48
16 4.0 0.200 7.0 37.0 0.580 1018.46 43.00 31.50 26.74
17 3.2 0.131 5.8 33.5 0.408 871.75 35.80 34.57 3.45
18 3.2 0.131 5.8 33.5 0.419 934.13 35.80 35.33 1.30
N
p
v
a
1
t
i
r
t
3
1
a
m
F
F
P19 3.2 0.131 5.8 33.5 0.555 961.07
D: not detected by the analytical method used.
ortional to cell growth and production of rhamnolipids, since high
alues of YP/X and YP/s were achievedwhen glycerol conversionwas
lso high. The highest values of YP/S were obtained in runs 10 and
4. Productivity (Qp) in experiment 14, however, was 3-fold higher
han the obtained in experiment 10. YP/X was also higher at exper-
ment 14 compared to experiment 10 (2.5-fold). Therefore, best
esults of yield (YP/S = 0.103g/g and YP/X = 3.129g/g) and produc-
ivity (QP = 19.9mg/Lh) were achieved at the following conditions:
7 ◦C, pH 7.0, 62mM of KH2PO4 and 4g/L of NaNO3 (experiment
4). Santos et al. [18], working with P. aeruginosa PA1 and glycerol
s carbon source, achieved YP/X = 0.488g/g and QP = 18.0mg/Lh.
The experimental results pictured in Table 3 were used to esti-
ate the variables main effects and the interactions among them.
ig. 2a pictures the Pareto chart for biomass production. According
ig. 1. Product yields on substrate (YP/S) and biomass (YP/X) and productivities (QP) for th
. aeruginosa MSIC02 to 150 rpm with glycerol as carbon source.35.80 35.00 2.23
to Garrido-Lopez and Tena [36], the length of the bars is propor-
tional to theabsolutevalueof theestimatedeffects. In thiswork, the
dashed line represents 95% of the conﬁdence interval. Effects that
cross this line are signiﬁcant values with respect to the response. It
can be observed that pH exerted a positive effect on biomass pro-
duction. Temperature and phosphate concentration, on the other
hand, exerted a negative effect. Nitrate concentration, at least in
the range evaluated, exerted no effect on biomass production. The
negative effect of phosphate concentration was, probably, due to
increased osmotic pressure of the fermentation medium due to
high concentration of salts. D’Souza-Ault et al. [37] studied the
effect of osmotic stress by the addition of salts during cultivation
of P. aeruginosa PAO1 and observed the reduction of speciﬁc rate of
growth with increasing concentrations of NaCl.
e experiments obtained from the factorial design 24 +3 after 96h of cultivation of
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Fig. 2. Pareto charts of effects (a) and standard interaction plot (b) for biomass
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ing in the selective biosynthesis of rhamnolipids by P. aeruginosa,roduction by P. aeruginosa MSIC02. Factors: phosphate concentration and pH (pH
.6 (©); pH 7.0 ()).
Fig. 2b presents the standard interaction plot for biomass con-
entration with phosphate concentration along the horizontal axis
nd pH levels (4.6 and 7.0) for each line, where means are indicated
y points connected by lines. At pH 4.6, the effect of increasing
hosphate concentration on biomass was more pronounced than
hat at pH 7.0. Based on this result, cell growth was not observed
hen 0.2M of KH2PO4 and pH 4.6 were used. This is due, probably,
o the effect of pH on the assimilation of phosphorus, which is an
ssential nutrient for growth of microorganisms.
Fig. 3a pictures the Pareto chart for rhamnolipid concentration.
he factors pH and KH2PO4 showed signiﬁcant main effects for the
roduction of rhamnolipid. pH showed a positive effect, indicating
hat enhancing the pH value from 4.6 to 7.0 favored the produc-
ion of biosurfactant. This result is similar to other authors [18]
hat achieved a higher concentration of rhamnolipid at this pH
alue. It can be observed that reducing phosphate concentration
avored rhamnolipid production, since a negative effect is observed
or phosphate concentration on the Pareto Chart pictured at Fig. 3a.
ther authors [9]observed that increasing theC/P ratio, by reducing
he concentration of phosphorus, favored the production of biosur-
actant, obtaining a maximum accumulation of surfactant using a
hosphate-limited complex medium (65nmol/mL Pi).
Fig. 3b presents the standard interaction plot for rhamnolipid
oncentration with phosphate concentration along the horizontal
xis and pH levels (4.6 and 7.0) for each line, where means are
ndicated by points connected by lines. It can be observed that, forFig. 3. Pareto chart (a) and standard interaction plot (b) for rhamnose production
by P. aeruginosa MSIC02. Factors: phosphate concentration and pH (pH 4.6 (©); pH
7.0 ()).
both pH values evaluated, rhamnolipid production decreased with
increasing concentrations of phosphate. Other authors [38] have
observed the same results when evaluating the effect of phosphate
limitation on the production of cell-to-cell signal molecules and
rhamnolipid biosurfactants.
Another important indirect measure of biosurfactants produc-
tion is the value of surface tension on the supernatant of a batch
culture [27]. Furthermore, the ability to reduce the surface ten-
sion of a liquid is an indicative of the efﬁciency of a surfactant [39].
Therefore, the analysis of the effects of nutritional andenvironmen-
tal conditionson surface tension reduction (Table3)was carriedout
by using a Pareto chart, pictured in Fig. 4. This Figure indicates that
increasing pH and reducing temperature and phosphate concen-
tration favored the reduction in surface tension (Fig. 4). The other
factor (nitrate concentration) is a marginal statistically signiﬁcant
result for the studied response.
As illustrated in Table 3, surface tension decreased from
39.80mN/m to a minimum value of 30.07mN/m for experiment
1 and from 41.77mN/m to 30.83mN/m for experiment 2. These
results showed the signiﬁcant inﬂuence of the variables studied on
the surface-active properties (Fig. 4) of the biosurfactant produced.
Temperature and pH are reported in the literature [8] for interfer-leading to a mixture of different proportions of these surfactant
molecules, which may affect the properties of the supernatant.
Sildatk et al. [8] found that the mixture of rhamnolipids synthe-
J.R. Sousa et al. / Process Biochem
Fig. 4. Pareto chart for variable-response surface tension reduction obtained
through the cultivation of P. aeruginosa MSIC02 to 150 rpm for 96h according to
a factorial design 24 +3.
Fig. 5. Emulsifying index and emulsifying activity on kerosene of cell-free culture broth
and emulsifying index against different hydrophobic compounds of the rhamnolipid prod
of KH2PO4 at pH 7.0 and 37 ◦C (run 14) (b).istry 46 (2011) 1831–1839 1837
sized by resting cells of Pseudomonas sp. DSM 2874, using glycerol
and n-alkanes as carbon sources, was inﬂuenced by temperature.
These authors observed that below 37 ◦C more hydrophilic rham-
nolipids (R2 and R4) were synthesized. They also observed that the
surface properties of the fermented broth varied according to the
selective synthesis. Furthermore, the more hydrophilic molecules
showed higher critical micelar concentration (CMC) and promoted
a smaller reduction in surface tension of water, when compared
to the more hydrophobic molecules of biosurfactant. Santos et al.
[18] that studied the production of biosurfactants by P. aeruginosa
PA1 from glycerol found that the changes in pH interfered in the
synthesis of mono and di-ramnolipids. They also observed that
di-rhamnolipids synthesis was favored in acid pH (5.66) while at
neutral pH, the ratio betweenmono and di-rhamnolipids produced
was approximately 1:1.
In summary, considering the results of rhamnolipid concentra-
tion, yields (YP/S and YP/X) and productivity (QP), aswell as the value
of surface tension on the supernatant, the optimal culture condi-
tions for biosurfactant production by P. aeruginosa MSIC02 were
achieved when the assay was conducted at 37 ◦C and pH 7.0, using
18g/L of hydrolyzed glycerin, 62mM of KH2PO4 and 4g/L NaNO3.
from the experiments carried out in accordance with the 24 +3 factorial design (a)
uced by P. aeruginosa MSIC02 in the media containing 4g/L of NaNO3 (g/L), 0.062M
1 chemistry 46 (2011) 1831–1839
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Table 4
13C (125MHz) and 1HNMR (500MHz) spectral data for compounds 1 and 2, in CD3Cl
and CD3OD, respectively.
Carbon 1 2
ıC ıH ıC ıH
1′ 95.10 4.92 98.49 4.91
2′ 71.42 3.86 80.77 3.70
3′ 67.77 3.72 70.38 3.65
4′ 73.72 3.45 74.04 3.27
5′ 71.34 3.81 72.12 3.96
6′ 17.48 1.27 18.18 1.27
1′′ – – 104.34 4.88
2′′ – – 71.87 3.66
3′′ – – 70.27 3.62
4′′ – – 74.65 3.27
5′′ – – 72.41 3.65
6′′ – – 18.22 1.28
1 71.94 4.28 74.79 4.10
2 39.72 2.42 42.60 2.48
3 171.67 – 173.02 –
COOH 173.95 – 174.85 –
CH3 14.30 0.89 14.57 0.95
4 70.65 5.45 73.82 5.30
5 39.19 2.55 41.39 2.55838 J.R. Sousa et al. / Process Bio
.4. Evaluation of emulsifying properties of biosurfactants
roduced by P. aeruginosa MSIC02
Emulsifying properties of biosurfactants produced by P.
eruginosa MSIC02 under different nutritional and environmen-
al conditions were determined by measuring the emulsifying
ctivity, which determines the ability of biosurfactant in form-
ng oil–water emulsion, and emulsifying index on kerosene, which
etermines the capacity of surfactant in forming emulsions, see
ig. 5.
It can be observed in Fig. 5a that higher and more stable emul-
iﬁcation activities, between 2 and 3 units, were detected for the
iosurfactant produced in experiments 1, 5–8 and 13–16. Those
esults were superior to those described for the synthetic commer-
ial surfactants tested by Amaral et al. [40]. Theywere also superior
o those described to other biosurfactants from Yarrowia lipolytica
40], C. lipolytica IA [41] and Nocardia sp. L-417 [42]. An emulsi-
cation activity around 1Unit was detected for the biosurfactant
roduced in experiment 2, however, no emulsiﬁcation of kerosene
as observed. The biosurfactant produced in experiment 10 was
ble to emulsify kerosene (E24 = 20%) without displaying emulsiﬁ-
ation activity. When cell-free culture broth from the experiments
–4, 9–11 and 17–19 were tested, neither emulsiﬁcation activity
or emulsifying index was detected.
Regarding emulsifying index, results showed a wide variation
etween the experiments (Fig. 5a). No measurable emulsifying
ndexwasobtained inexperiments2–4, 9, 11–12and17–19. For the
ther experimental conditions, emulsifying index ranged from 55%
o 65%, except for experiment 10, which presented IE24 =20.83%.
osta et al. [12] achieved an emulsiﬁcation index of 70% and 65%
or kerosene using, respectively, andiroba and buriti oil as carbon
ource for biosurfactant production by P. aeruginosa LBI.
A relationship between emulsifying activity and emulsifying
ndex (Fig. 5a) can be noticed for most of the experimental con-
itions evaluated. Those experiments where a stable emulsion was
ormed, a high emulsifying activity, with a maximum of 3 units
run 14), was also achieved. That is to say that the biosurfactants
roduced in those experimental conditions show good emulsifying
haracteristics. Other authors [40] observed high values of emulsi-
ying activity, about 2units, after 50h of cultivation of Y. lipolytica
t 250 rpm. Liposan, a bioemulsiﬁer produced by Candida lipolytica,
resented emulsifying activity with n-Hexadecano of 0.98U when
rown in YNB medium supplemented with 5% of soybean oil [23].
The maximum emulsifying index (65%) and emulsifying activity
3Um) were reached in the media containing 4g/L of NaNO3 (g/L),
.062M of KH2PO4 at pH 7.0 and 37 ◦C. The highest rhamnolipid
oncentration (1908.18mg/L)wasalsoobtained in these conditions
run 14), indicating a correlation between biosurfactant concen-
rations and emulsifying activity. Therefore, the surface activity of
his biossurfactant to form emulsions was evaluated against dif-
erent hydrophobic compounds (soybean oil, castor oil, biodiesel
rom castor oil and naftenic oil), see Fig. 5b. It can be observed
hat the biosurfactant displayed better emulsiﬁcation for soybean
il, biodiesel from castor oil and naphthenic oil (from 64 to 65%)
han for castor oil (52%). These results are in agreement with the
iterature. Ilori et al. [43] obtained up to IE24 =65% by using the bio-
urfactant produced by the cultivation of Aeromonas spp. in crude
il against diesel oil. Other authors [12] observed that the biosur-
actants obtained from the cultivation of P. aeruginosa LB1 in native
ils provided a IE24 of 70–92% against kerosene.
.5. Identiﬁcation of rhamnolipids produced by P. aeruginosa
SIC02
According to the literature [12,15], the surfactant produced
y genus Pseudomonas is a rhamnolipid. In order to conﬁrm thatCH2 22.67/34.75 1.27/1.59 23.84/35.55 1.30/1.60
information, the biosurfactant produced in this work was puriﬁed
and analyzed by NMR and HR-ESI-MS. Puriﬁed rhamnolipid was
obtained by isolation and puriﬁcation in several steps, starting by
the acidiﬁcation of culture supernatant, free of cells, followed by
a liquid–liquid extraction. The extracts obtained by liquid–liquid
extraction were subjected to chromatographic separation with
silica gel 60 as adsorbent. The fractions obtained from the col-
umn were analyzed by thin layer chromatography (TLC), which
revealed the synthesis of two major compounds (data not shown).
Compound 1 was isolated as a colorless resin, and its HR-ESI-
MS spectrum revealed the sodium adduct ion at m/z 527.3213
[M+Na]+ along with the potassium adduct ion at m/z 543.2889
[M+K]+ indicating a molecular formula of C26H48O9. The 1H NMR
spectrum of 1 showed signals related to a sugar moiety at ı 4.92
(1H), 3.86 (1H), 3.81 (1H), 3.72 (1H), 3.45 (1H) and 1.27 (3H)
related a rhamnose moiety and, typical signals of oxymethine pro-
tons at 5.45 (1H) and 4.28 (1H). Additionally, signals for a methyl
at ı 0.89 (6H) and methylene’s groups at ı 2.55 and 2.42 were
also observed. The 13C NMR-CPD and DEPT spectra showed sig-
nals assigned to two carboxyl groups at ı 173.9 (C-6) and 171.6
(C-3), a unit of ramnose at 95.1, 73.2, 71.4, 71.3, 67.7 and 17.4.
Signals for two extra oxymethine carbons at ı 71.9 and 70.6
and several methylene carbons were observed (Table 4). These
ﬁndings were consistent with the structure of the l-rhamnosyl--
hydroxydecanoyl--hydroxydecanoate. Complete 1H and 13CNMR
data (Table 4) were assigned through COSY, HMQC and HMBC
spectra. Compound 2 was also isolated as a colorless resin. Its HR-
ESI-MS spectrum afforded the sodium adduct ion at m/z 673.3832
[M+Na]+ indicating a molecular formula of C32H58O13. In accor-
dance with the 1H and 13C NMR spectra the structural pattern of 2
was very similar to that of 1, except for an extra rhamnosyl moiety.
The 1H NMR spectrum exhibited signal for two anomeric hydro-
gen at ı 4.91 (1H) and 4.88 (1H), which in the HMQC spectrum
showed correlation with the carbons at ı 98.5 (C-1′) and 104.3
(C-1′′), respectively. In the HMBC experiment the signal at ı 4.91
exhibited long-range correlation with the carbons at ı 74.7 (C-
1) while the signal at ı 4.88 (H-1′′) showed correlation with the
carbon at ı 80.7 (C-2′) conﬁrming the position of the two rham-
nosyl units. Based on the above data, the structure of compound 2
was establishedas l-rhamnosyl-l-rhamnosyl--hydroxydecanoyl-
-hydroxydecanoate.
chem
4
v
g
a
b
a
c
6
h
(
e
a
d
m
s
a
A
C
t
C
o
n
a
A
t
R
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[J.R. Sousa et al. / Process Bio
. Conclusions
The production of rhamnolipids by P. aeruginosa MSIC02
aried depending on the raw material used, being hydrolyzed
lycerin the best source of carbon and nutrients for growth
nd production of biosurfactants by P. aeruginosa MSIC02. The
est productivity and yields were 19.9mg/Lh, YP/X = 3.129g/g
nd YP/S = 0.103g/g, respectively, achieved when the assay was
onducted at 37 ◦C and pH 7.0, using 18g/L of hydrolyzed glycerin,
2mM of KH2PO4 and 4g/L NaNO3. The crude rhamnolipid gave
igh emulsifying activities against mineral and vegetable oils
IE24 =65%). The NMR and mass spectra conﬁrmed the pres-
nce of l-rhamnosyl--hydroxydecanoyl--hydroxydecanoate
nd l-rhamnosyl-l-rhamnosyl--hydroxydecanoyl--hydroxy-
ecanoate. The properties of the biosurfactant in terms of its
inimum surface tension, emulsiﬁcation activity and the emul-
ion stability, revealed its potential for further environmental
pplications.
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